ABSTRACT. Tillage studies have shown that maximum, tillage-induced, aggregate breakdown occurs near the optimum water content on a Proctor compaction curve for the soil. Many soil databases do not contain Proctor data; therefore, prediction equations were developed to estimate the optimum water content, peak Proctor dry bulk density, and the Proctor compaction curve for a soil based on common intrinsic properties (sand, silt, clay, and organic matter) from 39 soil samples. A good relationship was obtained between soil intrinsic properties and the optimum water content with an adjusted R^ value of 0.86. The shape of the Proctor compaction curve was estimated using two lines intersecting at the Proctor optimum water content/peak density point. An overall adjusted R^ value of 0.72 was obtained for the predicted versus measured values of the Proctor dry density for the entire Proctor compaction curve. Keywords. Soil water content, Soil-tillage interactions. Proctor density curve. Soil compaction. 
Figure 1-Tillage-induced ASD vs. soil PDC. This figure is reproduced from Ambe (1991) and shows the relationships between the Proctor density curve for two soils and the post-tillage mean aggregate size distribution (D50) and aggregate mass fraction greater than 19.1 mm diameter. The pre-tillage aggregate size distributions were considered the same for all tillage treatments, which were performed within the designated water content ranges, on each soil.
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Transactions of the ASAE Conservation Service (SCS), do not currently contain extensive Proctor compaction data. Thus, a need exists to estimate PDC data from other, more commonly measured, soil classification data, if WEPS is to be successfully implemented by SCS. The Proctor compaction test provides a standardized method of determining a soil's resistance to compaction over a range of soil water contents under a constant value of compaction energy. The optimum water content (OWC) is the amount of water required to produce a maximum dry density (MDD) from the test procedure. Currently, the Proctor test is used primarily by civil engineers to determine the OWC for foundation and highway construction purposes and is not routinely conducted on agricultural soil samples. However, there is a body of literature that attempts to correlate the two soil properties, OWC and MDD, and the Proctor compaction curve to various soil classification data. Wang et al. (1984) reviewed several studies correlating OWC with: liquid limit and plasticity index (Jumikis, 1946) ; gradation (Turball, 1948); specific gravity, gradation, and grain size distribution (Rowan and Graham, 1948) ; and gradation, grain size distribution, and plasticity index (Davidson and Gardiner, 1949) . Hamdani (1983) developed a one-point method for estimating OWC and MDD, which required only the determination of a soil's dry density at 9%(g/g) water content. Ring et al. (1962) , using artificially mixed soils, examined simple relationships between OWC and MDD with plastic limit, liquid limit, fineness average, average particle size, and particles finer than 0.001 mm. They found good correlations of OWC with the Atterberg limits and of MDD with OWC and plastic limit. Ramaih et al. (1970) found a linear relationship between MDD-liquid limit and OWC-liquid limit but no "definite correlation" with either plastic limit or plasticity index, whereas Hamdani (1983) An additional problem is that most of the equations reviewed in the literature have classification data as independent variables, like plastic and liquid limit, that are difficult to acquire accurately and may even be undefined for certain soil classes, such as plastic limit for cohesionless soils. Estimating the PDC, OWC, and MDD preferably should involve soil properties that are readily obtainable and repeatable for the WEPS model. Therefore, the primary objectives of this study were to:
• Estimate the optimum water content and maximum dry density for a Proctor compaction curve using readily obtainable intrinsic soil properties, namely the percentages of sand, silt, clay, and organic matter • Estimate the entire Proctor compaction curve as a function of the soil's particle size distribution and organic matter content.
PROCEDURES
Proctor density data for 39 soil samples from 19 U.S. states were used in the study. Twenty-six of the soil samples were collected from cropland Water Erosion Prediction Program (WEPP) sites and tested by the USDA-SCS National Soil Survey Laboratory (NSSL) with standard Proctor tests (ASTM D-698, method A) and particle size analyses (Gee and Bauder, 1986). The remaining 13 soil samples were from Kansas sites used in the development of the WEPS model and were also tested by the NSSL using the same procedures. The textural composition of the soils ranged from 3.6 to 49.4% clay, 4.4 to 79.7% silt, and 2.4 to 91.9% sand. Organic matter content ranged from 0.14 to 3.13%. Optimum water content and maximum dry density values ranged from 8 to 26%(g/g) and 1.46 to 1.99 Mg/m^, respectively. Table 1 lists particle size analysis, organic matter content, OWC, and MDD values for each soil.
Because OWC prediction was the most important factor in the effects of soil water content on tillage-induced aggregate breakage, a model was developed first to predict OWC using soil property data. This model was assumed to have the following mathematical form:
where OWC ao,ai,. = optimum water content '»^k = population parameters = a random error representing the contribution of nonmeasured variables to OWC Xi,X2,..., Xj^ == predictor variables selected from a list of soil properties The criterion for predictor variables was having values that were measurable, expected to influence the response variable, and reasonably uncorrelated. Predictor variables with these characteristics are listed in table 2.
Sample estimation of (aj) of the population parameters (ttj) was obtained by applying the method of multiple regression to data from a sample of 39 soils. The resulting empirical model (eq. 2) was an estimate of the OWC for a given soil defined by a given configuration of values for (Xi,X2, . . ., Xj^).
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where 9 is the degree-of-saturation (%) and p^ is the average particle density (Mg/m^). To estimate the entire PDC, two approaches were taken. The first was to fit a given PDC with a quadratic function. After the three parameters of the quadratic function were obtained, regression procedures, as discussed above, were applied along with visual inspection of data plots to relate them with soil properties. However, the results did not suggest any strong correlations between the parameters and the soil properties. Therefore, a second approach was taken that assumed that the PDC water content values less than and greater than the OWC could be fitted with two straight lines. The general model is given in equation 5.
PDD = 70 +Yi * WC + e (5)
where PDD is the Proctor dry density and WC is the water content value associated with that density. 
RESULTS AND DISCUSSION

MDD = bo + bi(OWC) (7)
The MDD-OWC relationship was also determined using equation 4 with a 0 value near 80% as suggested by Hillel (1980) . Using a nonlinear optimization method, a degreeof-saturation value of 76.9% was obtained for the model, yielding an R^ value of 0.86. The 95% confidence interval of 0 was 73.9 and 79.8%. This curve is also represented in figure 2. Although both equation 7 and equation 4 gave fairly accurate relationships between MDD and OWC, equation 4 may be more appropriate than equation 7 for estimating MDD, because it is a physical-based model which relates a specific void ratio (100-0) to the MDD obtained from the Standard Proctor test (ASTM D698).
The effort to describe the PDC with a quadratic model was not successful. However, the two straight line approach (eq. 5), revealed that estimation of the population parameters 7j was hardly affected by soil properties. Because the standard deviations of the two mean slope values were very low (table 5) The applicable range of water contents, upper and lower limits, of predicted PDCs needs to be fully defined. Most PDCs exhibit an asymptotic behavior, if extended to very high and very low water contents. The literature implies that the absolute upper limit of a PDC is the saturated water content. The lower water content limit is not often discussed. However, Faure (1981) proposed a "characteristic water content", w^, be used to represent that the lower water content limit at which the PDD values level off. This inflection point for a given compaction effort is not only dependent upon the content, but also the type of clay (montmorillonite/kaolinite) present. The PDC data sets studied here did not consistently extend into these regions of the Proctor compaction curve, so no analysis was attempted at determining these upper and lower water limits.
SUMMARY AND CONCLUSIONS
A model was developed to predict the optimum water content (OWC) of a Proctor density curve for a range of soils based on contents of sand, clay, and organic matter. These equations can be used to provide an estimate of Proctor data for soils databases lacking this information and having limited intrinsic properties with which to estimate it from. This will expand the number of soils databases that can be used by tillage models, such as the one being developed for WEPS, that predict tillage-induced aggregates as a function of pre-tillage water content.
This study and its results have revealed several areas deserving future work:
• A relatively broad range of agricultural soils was encompassed in this study, but additional soil data sets need to be obtained to verify the validity of the prediction equations obtained.
• A data set with more complete Proctor compaction curve data that extend into very dry, less than -1500 J/kg WC, and near saturated WC ranges is needed to determine the wet and dry "limits" of the PDC and compare them with Faure's characteristic water content relationships. • Because percent OM has a significant influence on the owe values for these agricultural soils, additional data sets with a wider range of OM values should be studied to see if OM's influence on a PDC remains the same outside the range used in this study.
• If additional soil properties are assumed available for use as independent variables, such as clay type and/or cation exchange capacity, better prediction equations can undoubtedly be obtained.
